Abstract. Reports that estrogen treatment modulates arachidonic acid metabolism by bone and bone cells are found in the literature. However, conflicting indications of the relationship that exists between estrogen and arachidonic acid metabolism emerge from the analysis of those reports. The present studies were undertaken to determine if estrogen effected the production of prostaglandins (PG) in human osteoblast-like (hOB) cell cultures derived from adults, under basal or cytokinestimulated conditions. A 48-hour estrogen pretreatment did not modify hOB cell PG biosynthesis on a qualitative basis, and PGE 2 formation predominated under all tested conditions. Estrogen pretreatment did lead to increased PGE 2 production in specimens stimulated conjointly with transforming growth factor-b 1 and tumor necrosis factor-a (p < 0.001). No changes in PGE 2 production were observed in estrogen pretreated specimens stimulated singly with either tested cytokine, nor in samples in which either TGFb or TNF was replaced by interleukin1b. Anti-estrogen (ICI 164,384) inclusion prevented the estrogen-dependent increase in PGE 2 production in the TGFb plus TNF-stimulated samples. These results suggest that an estrogen effect on bone cell prostaglandin biosynthesis may be most evident and significant under conditions in which the cells are exposed to multiple osteotropic cytokines, a condition that applies during the bone remodeling process.
The mechanism(s) through which estrogen modulates bone biology remains incompletely defined despite numerous studies over several decades [1, 2, 3] . Effects of the sex steroid on bone may not be attributable to a single, dramatic response to treatment that is easily demonstrated; the bone-sparing effects of estrogen may, instead, reflect a montage of several modest changes that cumulatively act to maintain bone mass. It has been reported that estrogen may influence the cellular composition of bone by appropriately altering the apoptosis characteristics of osteoblasts and osteoclasts [4, 5, 6] . The release of osteotropic cytokines may be sensitive to estrogen modulation, with osteoblastic cell biosynthesis of interleukin-1 (IL-1), interleukin-6, osteoprotegerin, and transforming growth factor-b (TGFb), among others, cited as changing following estrogen administration [7, 8, 9, 10, 11] .
The present report examines the effects of estrogen on the elaboration of prostaglandin E 2 (PGE 2 ) by adult human osteoblast-like (hOB) cell cultures variously stimulated by TGFb, tumor necrosis factor-a (TNF), or IL-1b, cytokines that do increase prostaglandin biosynthesis by hOB cells [12] . Each of these cytokines are products of osteoblastic cells that mediate bone biology in an autocrine/ paracrine manner [13, 14, 15] . Immunocytochemical work on human bone sections by Dodds et al. [16] provides evidence that osteoblast expression of TGFb, TNF, and IL-1b is linked with the reformation phase of bone remodeling. Since PGE 2 acts as an anabolic regulator of bone that under some conditions stimulates catabolic responses, the modulation of PGE 2 production might comprise one of the aspects of estrogenÕs regulation of bone biology [17] .
Materials and Methods

Patient Population
Cancellous bone explants were obtained as surgical waste generated from the femoral head during routine bone-grafting procedures. The harvest of this waste material following informed consent was approved by the West Virginia University Internal Review Board. Patient records were evaluated, and explants were not taken from patients with diagnosed osteoporosis or from patients presenting with endocrine disorders known to affect bone. Femoral explants were obtained from 47 women, aged 23À85 (median age 67), and from 37 men, aged 19À87 (median age 63).
hOB Cell Cultures
Cancellous bone explants were prepared and placed in culture according to the method of Robey and Termine [18] , as Correspondence to: P. E. Keeting; E-mail: pkeeting@mail. wvu.edu previously described by Cissel et al. [19] . The essential elements of this method include stripping the explants in a 2-hour collagenase (1 mg/ml) (Gibco, Grand Island, NY) digestion after which the explants are placed in a calcium-free, phenol red-free mixture of DMEM:HamÕs F12K (1:1) (Biofluids, Rockville, MD) supplemented by 10% heat-inactivated fetal calf serum (FCS; Gibco). These culture methods yield nearly homogeneous cell cultures that display multiple aspects of the mature osteoblast phenotype [19, 20] . The hOB cell phenotype is stable through at least 4 passages [21] . All experiments described in this report used hOB cells subcultured at the end of first or second passage.
Reagents
Recombinant human tumor necrosis factor-a (TNF), recombinant human transforming growth factor-b 1 (TGFb), and recombinant interleukin-1b (IL-1b) were purchased from R&D Systems (Minneapolis, MN). Stock solutions of each were prepared according to the supplierÕs instructions and stored at )20°C for no more than 4 months. Unlabeled PGs and PGE 2 -Monoclonal Enzyme Immunoassay (EIA) Kits were obtained from Cayman Chemical Co. (Ann Arbor, MI). l-[ 14 C]Arachidonic acid (55 mCi/mmol) was purchased from New England Nuclear (Boston, MA). Preadsorbent Silica Gel G thin layer chromatography (TLC) plates were from Analtech (Newark, DE), and Biomax-MR X-ray film was from Fisher Chemical (Pittsburgh, PA). An affinity purified goat polyclonal antibody to human cyclooxygenase-2 and an affinity purified goat polyclonal antibody to human cytosolic phospholipase A 2 -a (Group IVA) were purchased from Santa Cruz Biochemicals (Santa Cruz, CA). A rabbit anti-goat alkaline phosphatase-conjugated affinity purified antibody was purchased from Jackson Immunos (West Grove, PA). RT-PCR One-Step kits and TOPO TA kits were obtained from Invitrogen (Carlsbad, CA), and Sequenase kits from Promega (Madison, WI). Other chemicals and reagents used were of the highest quality available.
Oligonucleotide primers recognizing human cyclooxygenase-1 (COX-1), human cyclooxygenase-2 (COX-2), and human cytosolic phospholipase A 2 -a (cPLA 2 -a) were designed using the primer algorithm of the DNA Star software package (DNA-STAR Inc., Madison, WI), and crossed one intron/exon boundary. The primers were compared against the known sequences using the BLAST algorithm and GENBANK sequence data (NCBI, Frederick, MD). Oligonucleotide primers for human glyceraldehyde-3-phosphate dehydrogenase (GAPdH) were purchased from Invitrogen. Amplification specificity was assured by sequencing the subcloned gel purified PCR products from our experiments. The COX-2 sequence was determined in our laboratory using an Applied Biosystems 377 automated DNA sequencer, and the COX-1, cPLA 2 -a, and GAPdH sequences were determined externally (Univ. California-Davis Sequencing Laboratory). RT-PCR products of 450 base pairs (COX-1), 450 bp (COX-2), 332 bp (cPLA 2 -a), and 600 bp (GAPdH) were obtained from hOB cell RNA preparations. The oligonucleotide primers used were as follows: COX-1, forward 5¢-CTCATAGGGGAGACCA TCAAG-3¢ and reverse 5¢-CCTTCTCTCCTACGAGCTC CTG-3¢; and COX-2, forward 5¢-TGTGCCTGATGATTGC CCGACTCC-3¢ and reverse 5¢-TGTTGTGTTCCCGCAGCCAGATTG-3¢; and cPLA 2 -a, forward 5¢-CCAGCACATTAT AGTGGAGCAC-3¢ and reverse 5¢-CCCACCTTCATAGA AGATACAG-3¢.
hOB Cell Incubations
For Radiochemical Analyses hOB cells were subcultured into 24-well plates at 50,000 cells/well in medium supplemented to 1 mM calcium and 10% (v/v) FCS (see flow chart below). The calcium concentration was thereafter maintained at 1 mM.
Forty-eight hours after subculturing, media were replaced and the FCS was reduced to 1% for an additional 48 hours, with or without supplementation to 10 )8 M 17b-estradiol (17b-E 2 ). This 48-hour pretreatment regimen has previously been used in hOB cell studies to elicit estrogen-dependent regulation of arachidonic acid metabolism [19] . We elected not to charcoal-strip the FCS. At the serum concentrations used, based on the supplierÕs analysis the FCS contributed 17b-E 2 was, at most, 10
M, while the K d of the estrogen receptor is roughly 10 )10 M [22] . Charcoal-stripping of serum is not specific for 17b-E 2 and whatever steroids, small peptides, and other low molecular weight factors are present are also removed, a complication that we prefer to avoid. In some experiments, the anti-estrogen ICI 164,384 at 10 )8 M was added during this preincubation period. Over the final 24 hours of the preincubation, cells were exposed to 0.55 lCi 1-[ 14 C]arachidonic acid/well, a treatment that radiolabels each of the major glycerophospholipids of the hOB cells [23] . Following the preincubation period, the media were aspirated, and the cell layers washed twice with 0.1% BSA in phosphate-buffered saline to remove unincorporated 1-[ 14 C]arachidonic acid. Media supplemented to 10% FCS were applied to the cells, and the experimental manipulations were initiated 30 minutes later by the addition of 20 nM TNF, 40 pM TGFb, both cytokines, or vehicle for 24 hours. In some experiments, IL-1b at 300 nM was used in lieu of either TGFb or TNF. These cytokine concentrations elicit their maximal effects on hOB cell PGE 2 production [12] . During the 30 minutes preceding the cytokine additions, some specimens were pretreated with 50 lM ibuprofen to inhibit prostaglandin production. After the 24-hour cytokine stimulation, the hOB cell conditioned media were collected on ice, microfuged to remove cell debris, and stored at )80°C in siliconized glass tubes until analyzed using thin layer chromatography (TLC).
The effect of the estrogen pretreatment on the total release of radioactivity by stimulated hOB cells was evaluated in several experiments in which the cells were radiolabeled with 1-[
14 C]arachidonic acid as described above. Following the media change at 48 hours, cytokines were added. Aliquots of the media were taken at 1, 6, and 24 hours of stimulation and scintillation counted. Some specimens were stimulated with 1 lM A23187, a calcium ionophore. The calcium influx elicited by the A23187 activates calcium-regulated phospholipases and elicits the translocation of the cPLA 2 from the cytosol to the intracellular membranes, and served as a positive control providing a basis for comparison with the cytokinestimulated samples [24] . The radiolabeled bands were scraped from the plates and radioactivity was determined by scintillation counting.
Immunochemical Assay for PGE 2 PGE 2 was measured in diluted aliquots of hOB cell-conditioned media using EIA kits according to the supplierÕs (Cayman Chemical) instructions. The detection limit was 60 pg/ml at 80% B/B o .
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Northern blot analyses of mRNA levels under multiple incubation conditions was not a viable option for these studies since the yield of cells from a single cell strain is limited. hOB cells were subcultured at a density of 150,000 cells/well in 12-well plates in 10% FCS medium supplemented with 1 mM calcium. After 48 hours, media were changed to 1% FCS with 1 mM calcium for 48 hours with either 10 )8 M 17b-E 2 or vehicle (0.1% ethanol) added. In samples stimulated with TGFb plus TNF, the cytokines were added to the media 6 hours before harvesting the cells for RNA preparations. Time course studies had demonstrated that COX-2 mRNA and cPLA 2 -a mRNA levels were maximal following a 6-hour stimulation with these cytokines (data not shown). Total RNA was isolated using the TRIZOL Reagent (Invitrogen), and DNAase treated. RNA yields were estimated by absorbance at 260 nM, and the reverse transcriptions and amplifications were performed starting with 50 ng of total RNA per sample, using the RT-PCR One-Step kits according to the manufacturerÕs recommendations. Thirty-three cycles of amplification at 61°C were performed when COX-1 was analyzed, 25 cycles for COX-2 at 55°C, 30 cycles for cPLA 2 -a at 55°C, and GAPdH at 55°C, leaving each product in its linear range. Hybridization intensities in these experiments were determined using the BioRad Fluor-S TM MultiImager gel documentation system with their software. All data were expressed as a percentage of concurrently amplified human GAPdH control bands.
Western Blots for Cyclooxygenase-2 and Cytosolic Phospholipase A 2 -a hOB cells at 300,000 cells/well were subcultured into 6-well plates in 10% FCS supplemented media with 1 mM calcium for 48 hours. Media were replaced with 1% FCS, calcium-supplemented media with 10 )8 M 17b-E 2 or vehicle added for 48 hours. Following this, in samples treated with TGFb plus TNF, the cytokines were added for 12 hours in 10% FCS, calcium-supplemented media. Cells were released from the wells by a brief trypsin digest, pelleted, and resuspended in 300 ll of a homogenization buffer consisting of 10 mM HEPES, 8% sucrose, and 1 ll/ ml of SigmaÕs Protease Inhibitor Cocktail, at pH 7.2. The samples were sonicated on ice at low power for three 10À15 second bursts, and cooled on ice between each sonication for 30 seconds. Cell debris was cleared by microcentrifugation, and the supernatants were ultracentrifuged at 100,000 · G for 60 minutes at 4°C. The resultant pellets, designated microsomes, were resuspended in buffer and protein measured using the Bradford assay. Protein (20 lg per sample) was separated on 10% SDS PAGE gels, and the separated proteins were transferred to nitrocellulose membranes. The blots were stained with Ponceau-S, washed for 30 minutes in TrisBuffered saline, 0.1% Tween-20 (pH = 7.5; TBST), and blocked for 2 hours at room temperature with 5% normal rabbit serum in TBST. Blots were incubated with a goat affinity-purified antibody to human COX-2 (diluted 1:200), or to a goat affinity-purified antibody to human cPLA 2 -a (1:200) overnight at 4°C, washed 3 times, and exposed to a rabbit anti-goat alkaline phosphatase-conjugated affinity-purified secondary antibody (1:5,000) for 2 hours, washed extensively, and developed for several minutes in a buffered Nitro Blue Tetrazolium chloride solution. Development was stopped with 0.5 M EDTA, and the bands were analyzed using the BioRad gel documentation system. Some specimens were incubated with COX-2 antiserum preabsorbed with a 100-fold excess of COX-2 blocking peptide (Santa Cruz) which confirmed the specificity of the antiserum (data not shown). A similar control was run for the cPLA 2 -a Westerns, again confirming antibody specificity (data not shown).
Statistical Analyses
Data for PGE 2 production as measured by EIA are presented as ''Fold-increase'' to represent the response of the cells to treatment compared with basal production. Absolute PGE 2 production varied widely among cell strains, thus a normalization method was required to permit meaningful comparisons to be made. For example, basal PGE 2 production by the male hOB cell strains ranged from a low of 1.7 ng/ml to a high of 22.1 ng/ml, with an average value of 10.2 ± 1.4 ng/ml for the 17 strains assayed, as indicated in Figure 1 .
Data are presented as the mean ± SEM of N experiments using different hOB cell strains. The effects of estrogen pretreatment on PGE 2 production and the effects of ICI 164,384 were analyzed by the paired t-test. EstrogenÕs effects on the release of radioactivity by stimulated hOB cells were analyzed by ANOVA and DunnettÕs Method for Comparisons with a Control. In the RT-PCR studies, individual band intensities were first normalized to the sampleÕs respective GAPdH band intensity. These values were then expressed as a percentage of control sample value, and treatment effects were analyzed with a blocked ANOVA model. A blocked ANOVA model was used to analyze the Western blot data.
Results
The release of PGE 2 by vehicle (0.1% ethanol) or 17b-E 2 pretreated hOB cells was measured by EIA under basal conditions, or following a 24-hour stimulation by cytokines (Fig. 1A, B) . Because arachidonic acid metabolism by female hOB cells and male hOB cells exhibits sexually dimorphic characteristics [25] , the responses of the cells of each sex were assessed independently in this experiment. The application of TGFb, TNF, or both cytokines simultaneously significantly stimulated hOB cell PGE 2 production (p < 0.01), agreeing with previous observations [12] . Pretreatment with 17b-E 2 did not alter PGE 2 release under basal conditions, nor in specimens stimulated singly with either TGFb or with TNF. However, the 17b-E 2 pretreatment potentiated the responses of samples stimulated conjointly with both TGFb plus TNF, an effect seen in both sexes (females: p £ 0.005, n = 15; males: p £ 0.01, n = 17). The percentage potentiation by the 17b-E 2 pretreatment was similar for the female and male hOB cell cultures (females: 127 ± 8% of the ethanol pretreated TGFb plus TNF-stimulated samples; males: 123 ± 7%). On the basis of this similarity of response to 17b-E 2 pretreatment, the results of the other experiments presented in this report do not distinguish findings as to the bone cell donorÕs sex. The potentiating effect of the 17b-E 2 pretreatment on TGFb plus TNF-stimulated PGE 2 production was abolished when the anti-estrogen ICI 164, 384 was coincubated with the 17b-E 2 (Fig. 2) .
The cytokine specificity of the 17b-E 2 -dependent response was evaluated in a subset of the samples represented in Figure 1 , wherein IL-1b was used as a stimulatory cytokine in lieu of either TGFb or of TNF. As indicated in Figure 3 , the fold-stimulation of PGE 2 production observed was the same in both the ethanol pretreated and 17b-E 2 pretreated specimens stimulated singly with IL-1b, or stimulated conjointly with IL-1b plus TGFb or with IL-1b plus TNF (n = 7 for each condition). Thus, IL-1b could not replace either TGFb or TNF in terms of the effectiveness of 17b-E 2 on PGE 2 biosynthesis.
The possibility that the 17b-E 2 pretreatment acted by increasing the availability of free arachidonic acid for conversion into PGE 2 via the cyclooxygenase pathway was considered. hOB cells were preradiolabeled with 1-f[
14 C]arachidonic acid. Previous studies have demonstrated that 17b-E 2 pretreatment does not alter the uptake of radiolabeled arachidonic acid by hOB cells, nor its distribution into the principal glycerophospholipid pools [21] . The preradiolabeled cells were stimulated concurrently with TGFb plus TNF (n = 8À9), or with the calcium ionophore A23187 as a positive control (n = 6)10), for up to 24 hours. No changes in the release of radioactivity into the media compared with controls were evident following 1, 6, or 24 hours of cytokine stimulation (data not shown). Estrogen pretreatment did not alter this outcome. A23187 stimulation elicited a significant increase in radioactivity release at each time point, reaching a maximum of 141 ± 12% of the release by unstimulated cells at 6 hours (A23187 vs unstimulated: p £ 0.05, at each time point, DunnettÕs Test). Samples pretreated with 17b-E 2 before the A23187 addition produced similar results.
Since 17b-E 2 could not be demonstrated to alter substrate availability, the possibility that an increased cyclooxygenase activity might account for the sex steroidÕs potentiation of PGE 2 biosynthesis was examined. Estrogen or vehicle pretreated, 1-[ 14 C]arachidonic acid preradiolabeled cells were stimulated individually with TGFb, TNF, or with both cytokines concurrently. Following a 24-hour incubation, media were extracted, products were separated by thin layer chromatography, and used to expose x-ray film (Fig. 4) . The product profiles displayed were not different between the ethanol and 17b-E 2 pretreated groups, irrespective of stimulation, suggesting that estrogen-dependent changes did not include the induced production of additional cyclooxygenase products such as thromboxane or PGD 2 . The prostanoid nature of the observed bands was confirmed by ibuprofen treatment of some specimens that eliminated the formation of the products (data not shown). Furthermore, there was no indication that the 17b-E 2 pretreatment altered the metabolism of PGE 2 into 13, 14-dihydro-15-keto-PGE 2 via the 15-prostaglandin dehydrogenase and keto-prostaglandin-D l3 -reductase pathway, nor that PGE 2 was converted into PGF 2a by a 9-ketoreductase activity. The identified bands corresponding to PGE 2 and to 6-keto-PGF 1a (the stable breakdown product of PGI 2 ) were scraped and scintillation counted. The remaining material of each lane was scraped from the TLC plates and scintillation counted as well, omitting the glycerophospholipids which remained at the origin in this developing system. The conversion of radiolabeled substrate into [ (Table 1) . These data are a representation of the substrate utilization by the hOB cells over this 24-hour period, thereby providing a rough index of hOB cell cyclooxygenase activity. The 17b-E 2 pretreatment did not alter the net conversion of substrate into products under either basal or cytokine-stimulated conditions, suggesting that the 17b-E 2 pretreatment left cyclooxygenase levels unchanged. The effects of the cytokine treatments on increasing the cellÕs capacity for prostaglandin biosynthesis are obvious, and significant (p £ 0.05 for all cytokine-stimulated samples vs. control).
Further evidence that 17b-E 2 pretreatment did not potentiate cytokine-stimulated PGE 2 biosynthesis by 1% ethanol) , the anti-estrogen ICI 164,384, 17b-E 2 , or with both ICI 164,384 and 17b-E 2 for 48 hours. The cells were then stimulated with the combination of TGFb plus TNF for 24 hours, media were harvested, and PGE 2 was assayed by EIA. The PGE 2 production data from 13 cell strains tested were expressed as the fold-increase from basal production, and comparisons using the paired t-test are shown in the figure. The inclusion of the anti-estrogen ICI 164,384 blocked the potentiation of PGE 2 biosynthesis by 17b-E 2 . *p £ 0.05 vs. vehicle. Fig. 3 . hOB cells were pretreated with vehicle or 17b-E 2 and then stimulated with cytokines as indicated beneath the bars, and PGE 2 biosynthesis was measured by EIA. The 17b-E 2 pretreatment was without effect on PGE 2 biosynthesis. ]arachidonic acid, and stimulated with or without cytokines, as indicated. Twenty-four-hour cellconditioned media were collected, extracted, products separated by thin layer chromatography, and the TLC plates used to expose x-ray film. Shown above are the results from a representative experiment (of 13 independent trials) with cells derived from a 61-year-old man. Authentic PGs were cochromatographed in this system in order to identify the hOB cell products. See also Table 1. increasing the hOB cell complement of the COX-2 enzyme was obtained in RT-PCR-based studies. RNA prepared from ethanol or 17b-E 2 pretreated samples, stimulated with or without TGFb plus TNF, were tested. Figure 5 shows the outcome of one such experiment, where COX-1, COX-2, and GAPdH were probed and band intensities were measured. Comparisons between all treatments and their respective ethanol pretreated, unstimulated controls were made as the ratios of the individual COX bands absorbances to that of the corresponding GAPdH bands (Fig. 5B) . The TGFb plus TNF treatment elevated the steady-state level of COX-2 mRNA by greater than 17-fold (p £ 0.001; n = 15), but this increase was insensitive to the 17b-E 2 pretreatment (p = 0.73; n = 14). Supporting the RT-PCR data on COX-2 expression were the results seen in Western blots where the increased COX-2 protein levels elicited by the cytokines TGFb and TNF were not affected by 17b-E 2 pretreatment of the cells (p = 0.73; n = 7) (Figs. 6A, B) .
Although COX-2 is recognized to be the inducible isoform of the cyclooxygenase enzyme, in some tissues COX-1 expression has been found to be sensitive to estrogen treatment. Accordingly, RT-PCR analyses of COX-1 mRNA levels were also made in these studies (Fig. 5) . TGFb plus TNF stimulation did not significantly alter COX-1 levels (n = 7). This outcome was the same in paired 17b-E 2 pretreated specimens.
As described above, an increased release of radioactivity was not observed in cytokine-stimulated hOB cells, irrespective of 17b-E 2 pretreatment. The possibility that the rapid reacylation of released 1-[ steady-state level following a 6 hour TGFb plus TNF stimulation (Fig. 7A, B) . This cytokine-stimulated increase was insensitive to pretreatment of the cells with 17b-E 2 , and the steady-state level of cPLA 2 -a mRNA in these specimens demonstrated a 2.5 ± 0.4-fold increase compared with controls (p < 0.001; n = 12). Estrogen alone had no effect on the cPLA 2 -a mRNA level. A Western blot of cPLA 2 -a protein is illustrated in Figure 8A , and the summary data in Figure 8B . In 5 tested hOB cell strains stimulated with TGFb plus TNF for 12 hours, cPLA 2 -a protein was not significantly increased compared to their respective unstimulated controls (1.4 ± 0.3-fold of control; p = 0.28; n = 5). However, in those 5 cell strains, samples pretreated with 17b-E 2 prior to the 12 hour application of the cytokines, cPLA 2 -a protein was significantly elevated compared with their controls (1.7 ± 0.3-fold of control; p < 0.05; n = 5).
Discussion
EstrogenÕs actions in bone has been linked with effects on arachidonic acid metabolism [17] . Calvariae cultures from ovariectomized rats released about twice the amount of PGE 2 than did cultures prepared from intact animals [26] . The in vivo administration of estrogen to these ovariectomized animals blocked the increased release of PGE 2 by the resultant calvarial cultures, while estrogenÕs in vitro administration was ineffective. Estrogen administration to cultured neonatal mouse calvariae stimulated with parathyroid hormone opposed prostaglandin release [27] . The non-steroidal antiinflammatory drug (NSAID) naproxen prevented trabecular bone loss in ovariectomized rats [28] . NSAID actions typically include the inhibition of prostaglandin biosynthesis. Since numerous reports can be found asserting that PGE 2 stimulates bone resorption in mouse and rat bone cultures [17, 29] , collectively these results suggest that estrogen may oppose bone loss by limiting prostaglandin biosynthesis within the bone compartment. A different view emerges from other studies. Work by Jee et al. [30, 31] and Kimmel et al. [32] shows that exogenous PGE 2 can be an anabolic agent for rat cancellous and cortical bone, and further that it prevents ovariectomy-induced cancellous bone loss [31, 33, 34] . Others report that the administration of the NSAID ibuprofen blunts the protective effect of estrogen against cancellous bone loss in ovariectomized rats, and it entirely blocks the effects of the estrogen analog tamoxifen on those animals [35] , while indomethacin opposed highdose estrogen-induced osteogenesis in the mouse [36] . These data suggest that prostaglandin biosynthesis plays a role in the bone-sparing effects of estrogen. It should be noted that NSAID effects on peroxisome proliferatoractivated receptors (PPAR) a and c, and on NFjBmediated responses have also been reported [37, 38, 39] .
The present work supports the proposition that a positive modulation of prostaglandin biosynthesis may play a role in the bone-sparing effects of estrogen. In contrast to the broadly held view that estrogen opposes osteoblastic cell PGE 2 biosynthesis, as noted in recent The summary data of the Western blots performed using 5 different hOB cell strains. The addition of the cytokines without pretreating the cells with 17b-E 2 did not significantly change cPLA 2 -a protein levels. The 17b-E 2 pretreatment alone did not alter cPLA 2 -a protein levels, but protein was elevated in specimens pretreated with 17b-E 2 and then stimulated with the cytokines.*p £ 0.5 vs. Control. reviews by Riggs [1] , Spelsberg et al. [3] , and Raisz [29, 40] , based on the work of Feyen and Raisz [26] and Pilbeam et al. [27] with rat and mouse models, no evidence that estrogen might limit human osteoblastic cell prostaglandin biosynthesis was found under the varied conditions tested. Those reports leading to a different conclusion regarding estrogen, prostaglandins, and bone remodeling may reflect distinctions among adult and fetal/neonatal cell models, bone compartment effects, species effects, the complications inherent in working at the organ rather than the cellular level, as well as the highly specific conditions that were required to demonstrate a positive regulation of PGE 2 biosynthesis in the present study. hOB cells are a challenging model system. There are inherent limitations in cell numbers available which restricts the scope of some investigations. The heterogeneity of the donor population is typically reflected in the data generated. Responses are often quite variable from cell strain to cell strain, forcing cautious interpretation of results, and imposing a burden on the investigator with respect to the number of experiments required for accurate and convincing statistical analysis. Nevertheless, the value of conducting studies in untransformed, adult human cell strains must also be recognized. The complications of studying cell physiology in transformed cell lines derived from a single aberrant cell, and the limitations regarding trans-species comparisons and conclusions should not be minimized.
Prostaglandin biosynthesis is a multistep process [41] . Esterified arachidonic acid is released from glycerophospholipids by activated phospholipase(s). Cyclooxygenase activity is rate-limited by free arachidonic acid availability, supplied through PLA 2 hydrolysis of glycerophospholipids at the sn-2 position [41] . The contributions of specific PLA 2 Õs to prostaglandin biosynthesis is complex and controversial [42] , but it is clear that cPLA 2 is of fundamental importance [43] . The free arachidonic acid can then be used as substrate by the cyclooxygenase enzymes to form the unstable cyclic endoperoxide intermediate PGH 2 . Various PGH 2 -utilizing enzymes, typically expressed in a tissue-specific manner, then convert PGH 2 into one of the bioactive prostanoids. The present study was unable to define which of these steps was influenced by estrogen pretreatment that led to enhanced PGE 2 production.
The formation of radiolabeled arachidonic acid metabolites was increased in cytokine-stimulated specimens, irrespective of estrogen pretreatment (Fig. 4) , although an overall increase in total radioactivity release in those experiments could not be demonstrated. The sensitivity of the assay methods may have been inadequate to detect a difference that might have been solely the result of increased prostaglandin release. A23187 stimulation of the preradiolabeled hOB cells did elicit the release of radioactivity. An A23187-dependent increase in intracellular calcium increases cellular calcium-regulated phospholipase activity [24] . The lack of an estrogen effect on A23187-stimulated cells suggests that estrogen did not alter other metabolic pathways that could have modified levels of arachidonic acid in the media, such as the reacylation reactions that reincorporate free arachidonic acid into cellular lipids [44, 45] . This agrees with previous results from this laboratory showing that estrogen does not influence arachidonic acid uptake and insertion into hOB cell lipids [22] .
Cyclooxygenase activity was unaffected by the estrogen pretreatment as judged by the conversion of substrate into product (Table 1) [12, 46] . However, estrogen pretreatment did not further modify the cytokine-induced increases in product formation from substrate. These radiochemical analyses also provided evidence that the metabolism of 1-[ 14 C]PGH 2 , the direct product of cyclooxygenase, was insensitive to estrogen pretreatment since the array of prostaglandin products formed was not different from the array produced by control samples. The RT-PCR studies and Western blot data provide additional evidence that estrogenÕs potentiation of PGE 2 production by the hOB cells was not a consequence of effects on COX-2 expression. The steady-state level of COX-1 mRNA was unaffected by the administration of estrogen as well. In these findings, the hOB cells are distinguished from various cell models of human and animal origin that exhibited increased expression of COX-1 or COX-2 following estrogen exposure [47, 48, 49] .
The site of estrogen modulation of hOB cell PGE 2 biosynthesis was not determined by the present studies. The observation that PGE 2 production was elevated in estrogen-pretreated samples stimulated by TGFb and TNF is firmly established, as is the observation that 17b-E 2 treatment did not limit hOB cell PGE 2 biosynthesis. Experiments using 32 hOB cell strains (17 male and 15 female) indicated a consistent, although modest response of the cells to the estrogen pretreatment in terms of the potentiation of PGE 2 biosynthesis, a response that was independent of the sex of the bone donor. The methods used to evaluate arachidonic acid release and the efficiency of substrate utilization may have lacked the sensitivity required to identify whatever specific modest changes may be induced by estrogen. It has proven a difficult task to link prostaglandin biosynthesis with the activity of a specific phospholipase [41] , and these studies did not provide direct evidence that the estrogen treatment altered substrate availability. The modest effect of estrogen pretreatment on cPLA 2 -a protein levels in the cytokine-stimulated specimens does suggest a possible mechanism that could contribute to the sex steroidÕs potentiation of PGE 2 biosynthesis. cPLA 2 -a does co-localize with COX-1 and COX-2 to the perinuclear membranes [24, 41] . An elevated free arachidonic acid concentration within the perinuclear membrane microenvironment would support an increased prostaglandin biosynthesis. The reacylation of the released arachidonic acid may be rapid enough to prevent the release of the fatty acid from the cell. The reacylation processes would not effect the release of PGE 2 . Thus, changes in PGE 2 production could be measured, while changes in arachidonic acid release might escape detection. It is difficult to envision an effect of estrogen leading to increased PGE 2 production that would not be directed towards the various key components of the arachidonic acid cascade, as discussed above.
Whole animal studies and clinical evidence demonstrates that estrogenÕs regulation of bone remodeling is critical for the maintenance of a healthy bone mass [50, 51, 52] . However, the responses of bone and bone cells thus far attributed to estrogen treatment are largely unremarkable and of limited magnitude [1, 2, 3, 4, 51] , Among the responses reported, it has been found that the proliferation of hOB cells was unaffected, or minimally affected, by estrogen, as were several tested aspects of hOB cell differentiation [53, 54] . TGFb mRNA and protein were elevated in estrogen-treated hOB cell cultures [55] , but this elevation did not elicit TGFb-typic responses in the cells. Interleukin-6 (IL-6) production was diminished in estrogen-treated, stimulated mouse stromal osteoblastic cells [56] . Stimulated IL-6 mRNA and protein production was decreased in estrogen-treated fetal human osteoblast-like cells (hFOB) overexpressing the estrogen receptor [57] . The release of [ 3 H]arachidonic acid by bradykinin-stimulated hOB cells increased following estrogen pretreatment [19] . The present report indicates that PGE 2 production is increased in estrogen pretreated hOB cells conjointly stimulated with TGFb and TNF. The magnitude of the estrogen-induced changes in each of these parameters typically ranged from approximately 30À60% when compared with control samples.
Whether any of the responses noted can independently account for the bone-sparing effects of estrogen, or if the effect results from the collective consequences of multiple modest changes, as recently postulated by Riggs [1] , is uncertain. The array of the reported effects of estrogen on osteoblastic cells almost uniformly involve the modulation of cellular signaling pathways. The present characterization of estrogenÕs modulation of hOB cell PGE 2 production fits into this general categorization. It is of interest that the consequences of estrogen pretreatment on PGE 2 production were not apparent in specimens stimulated singly with TGFb or with TNF. In our view, this suggests that the effects of estrogen on PGE 2 biosynthesis may be of particular importance during the most active phases of bone remodeling, when the elaboration of cytokines within the bone compartment increases and becomes more complex [16, 40] . The present studies demonstrate that estrogen could increase PGE 2 formation by cytokine-activated resident osteoblasts, thereby elevating the local concentration of this anabolic mediator specifically at the remodeling site.
